Long non-coding RNAs (lncRNAs), representing a large proportion of non-coding transcripts across the human genome, are evolutionally conserved and biologically functional. At least onethird of the phenotype-related loci identified by genome-wide association studies (GWAS) are mapped to non-coding intervals. However, the relationships between phenotype-related loci and lncRNAs are largely unknown. Utilizing the 1000 Genomes data, we compared single-nucleotide polymorphisms (SNPs) within the sequences of lncRNA and protein-coding genes as defined in the Ensembl database. We further annotated the phenotype-related SNPs reported by GWAS at lncRNA intervals. Because prostate cancer (PCa) risk-related loci were enriched in lncRNAs, we then performed meta-analysis of two existing GWAS for discovery and an additional sample set for replication, revealing PCa riskrelated loci at lncRNA regions. The SNP density in regions of lncRNA was similar to that in protein-coding regions, but they were less polymorphic than surrounding regions. Among the 1998 phenotype-related SNPs identified by GWAS, 52 loci were located directly in lncRNA intervals with a 1.5-fold enrichment compared with the entire genome. More than a 5-fold enrichment was observed for eight PCa risk-related loci in lncRNA genes. We also identified a new PCa risk-related SNP rs3787016 in an lncRNA region at 19q13 (per allele odds ratio 5 1.19; 95% confidence interval: 1.11-1.27) with P value of 7.22 3 10 27 . lncRNAs may be important for interpreting and mining GWAS data. However, the catalog of lncRNAs needs to be better characterized in order to fully evaluate the relationship of phenotype-related loci with lncRNAs.
Introduction
Transcriptome analysis indicates a major portion of the human genome is transcribed, yet the minority of transcripts is translated into proteins (1) (2) (3) (4) . The non-protein-coding transcripts [termed non-coding RNAs (ncRNAs)] are generally divided into housekeeping and regulatory ncRNAs (5) . Housekeeping ncRNAs include ribosomal, transfer small nuclear and small nucleolar RNAs, which are usually expressed constitutively. Among regulatory ncRNAs, there are at least two types: short ncRNAs, including microRNAs, small interfering RNAs and piwi-interacting RNAs, and long non-coding RNAs (lncRNAs). Although recent studies have revealed the functional importance of short ncRNAs (6) (7) (8) (9) , less is known about lncRNAs, which make up most of the transcribed ncRNAs (5) . lncRNAs are 100-200 nts or longer transcripts that are similar to transcripts of protein-coding genes but do not contain functional open-reading frames (10) . These lncRNA transcripts may be located within the cell's nucleus or cytoplasm, may or may not be polyadenylated, and are often transcribed from either strand within a protein-coding locus (5) . In contrast to other transcripts in human genome, such as those coding proteins and microRNAs, the biological function of lncRNAs is the least understood to date. Recent studies have shown that lncRNAs can regulate the expression of genes in close genomic proximity (cis-acting regulation) as well as target distant transcriptional activators or repressors (trans-acting) via a variety of mechanisms, such as transcriptional interference, initiation of chromatin remodeling, promoter inactivation by binding to basal transcriptional factors and activation of an accessory protein (5, 9, 11) .
Over the past few years, genome-wide association studies (GWAS) have revealed a large number of genetic variants related to diseases and/or traits, but at least one-third of the identified variants are not within protein-coding genes and rather map to non-coding intervals (12) . Although enhancers in the non-coding regions have been anticipated to contain some of these risk variants (13) , another possibility is that these risk variants reside in ncRNAs, which are evolutionally conserved across mammals and are biologically functional as cis-and/or trans-regulators of gene activity (5) (6) (7) 11, 14) . For example, recent emerging evidence has indicated the important role of genetic variants of microRNAs in diseases (15) . However, to date, little is known about the genetic significance of lncRNAs.
In this study, based on the 1000 Genomes data (16), we summarized the single-nucleotide polymorphisms (SNPs) within the sequences of 1420 lncRNAs, as defined in the Ensembl database. Furthermore, according to the National Human Genome Research Institute (NHGRI) GWAS Catalog (17), we annotated SNPs identified by GWAS as associated with human diseases and/or traits at the lncRNA intervals. Finally, given the enrichment of prostate cancer (PCa)-related loci in lncRNAs, we sought to identify PCa risk-related loci at lncRNA regions using two existing GWAS.
Materials and methods

Identification of SNPs in lncRNA intervals
Data on lncRNA genes (n 5 1420) and protein-coding genes (n 5 34 627) across the human autosome genome was downloaded from the publicly available Ensembl database using the BioMart data-mining tool (18) . All SNPs in these lncRNA genes, protein-coding genes or surrounding intervals were identified based on the 1000 Genomes pilot project releases (16).
Phenotype-related SNPs reported by GWAS
According to the NHGRI GWAS Catalog (17), phenotype-related SNPs reported by GWAS were defined according to following criteria: (i) at least 100 000 SNPs were genotyped in the initial stage, (ii) SNPs were selected in absence of the candidate gene approach, (iii) at least one replication stage was included, (iv) significance level was ,10
À5 for a single SNP and (v) the last reported date was 31 December 2010. Considering that additional SNPs in linkage disequilibrium (LD) with reported phenotype-related loci may also map to lncRNA intervals; we performed LD analysis and detected the overlap of high LD SNPs with lncRNAs using an r 2 value of 0.5 as the threshold, based on European ancestry in Utah (CEU) genotype data of the 1000 Genomes project. For PCa risk-related loci, we selected all 33 PCa risk-associated SNPs exceeding genome-wide significance levels in initial reports (P , 10
À7
) from GWAS reported before December 2010; these 33 SNPs have been replicated in several independent study populations (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) .
Study populations of PCa studies
To test if any unreported SNPs in lncRNA intervals were potentially related to PCa risk, we performed a meta-analysis of two existing PCa GWAS, Johns Hopkins Hospital (JHH) and Cancer Genetic Markers of Susceptibility Abbreviations: CGEMS, Cancer Genetic Markers of Susceptibility; GWAS, genome-wide association studies; LD, linkage disequilibrium; lncRNA, long non-coding RNA; ncRNA, non-coding RNA; PCa, prostate cancer; SNP, single-nucleotide polymorphism.
Ó The Author 2011. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oup.com (CGEMS) followed by an additional replication (supplementary Figure 1 is available at Carcinogenesis Online). The first population was derived from a PCa GWAS study at JHH, which included 1964 Caucasian men with PCa undergoing radical prostatectomy from 1 January 1999 through 31 December 2008 (34) . The clinical characteristics of these patients are presented in supplementary Table I (available at Carcinogenesis Online). The control subjects for this population were an independent group of 3172 Caucasian individuals from the Illumina iControlDB (iControls) dataset (35).
The second GWAS population was from Stage 1 of the National Cancer Institute CGEMS study (21) . It included 1176 PCa cases and 1157 control subjects, selected from the Prostate, Lung, Colorectal and Ovarian (PLCO) Cancer Screening Trial. The genotype and phenotype data of this study are publicly available, and our use of the data has been approved by CGEMS.
The replication population included an additional 1114 cases and 822 controls, which were also recruited from JHH but were not scanned by genomewide SNPs chips. These subjects were used for replication of the selected loci from the meta-analysis of JHH and CGEMS GWAS. The characteristics are presented in supplementary Table I (available at Carcinogenesis Online).
Genotyping, imputation and quality control GWAS in the JHH PCa cases was performed using the Illumina 610 K chip and the GWAS of the iControl population (http://www.illumina.com/science/ icontroldb.ilmn) was performed using Illumina Hap300 and Hap550 Chips. Imputation was performed to call genotypes for untyped loci on the basis of HapMap Phase II using the program IMPUTE (36) with a posterior probability of 0.9 as a threshold. The quality control criteria used to filter SNPs included minor allele frequency ,0.01, Hardy-Weinberg equilibrium ,0.001 and call rate ,0.95. In total, data on 41 017 SNPs in lncRNA regions were available for 1909 cases and 3085 controls from JHH, whereas data on 40 300 SNPs in lncRNA regions were available for 1176 cases and 1101 controls from CGEMS. After pooling by meta-analysis, data from 39 320 SNPs that were in common between the two GWAS were used to evaluate their association with PCa (supplementary Figure 2 is available at Carcinogenesis Online).
To confirm the results from GWAS, significant SNPs were selected for replication in the aforementioned additional set of JHH subjects according to following criterion: (i) P , 0.001, (ii) the locus was not reported previously, (iii) the most significant locus was selected for each locus. Ten SNPs were finally selected to be genotyped using the MassARRAY iPLEX system (Sequenom, San Diego, CA) at the Center for Cancer Genomics, Wake Forest University. Duplicates and water samples (negative control) were included in each 96-well plate for genotyping quality control. Genotyping was performed by technicians that were blinded to sample status.
Statistical analysis
The SNP density between lncRNAs and surrounding regions was compared using a paired sample t-test. The enrichment was assessed by comparing the density of phenotype-related loci across the genome with two measures: average chromosome length (kb) required for one locus and average number of SNPs containing one locus. The strength of enrichment is high when the measures are small. Association analysis between PCa risk and each SNP in regions of lncRNAs was tested using unconditional logistic regression with one degree of freedom. Per allele odds ratio and 95% confidence interval were estimated based on a log-additive genetic model. Meta-analysis was performed for each SNP between two GWAS or between two GWAS and the replication study based on a random effect model, which presents the pooled result in a conservative manner. All the analyzes were two sided and performed using SAS (v.9.2) and PLINK package (v.1.07) (37) .
Results
Sequence variants in lncRNA intervals
A total of 1420 autosomal lncRNA genes were defined by the Ensembl database, with a median length of 6379 bps (range: 77-1 015 961 bps). As shown in Table I , 137 334 SNPs, 107 122 SNPs and 185 737 SNPs in lncRNAs were identified in populations of CEU, Han Chinese in Beijing and Japanese in Tokyo (CHBJPT) and Yoruba from Ibadan (YRI), Nigeria, respectively. In CEU, the density of SNPs in lncRNA regions was 2.685 SNPs/kb, which was similar to the average density across the whole genome (2.694) and in coding protein genes (2.687). Also in CEU, the average density for 1420 lncRNAs (2.53 ± 1.80 SNPs/kb) was significantly lower than flanking regions (2.61 ± 1.66 SNPs/kb; P 5 0.029) (supplementary Figure 1 is available at Carcinogenesis Online). Similar trends were observed in populations of CHBJPT and YRI.
Phenotype-related SNPs and lncRNAs Among 1998 unique SNPs that were related to phenotypes in reported GWAS, 1242 loci were in protein-coding genes, whereas 52 loci were mapped to the lncRNA intervals ( Table I ). The enrichment of phenotype-related loci was similar in lncRNA and protein-coding regions, $1.5-fold of average levels in the whole genome. The 52 phenotyperelated SNPs located in lncRNAs are associated with 30 phenotypes (Supplementary Table 2 is available at Carcinogenesis Online). After LD analysis of 1998 SNPs based on data from the CEU population, a total of 119 SNPs or SNPs in high LD (r 2 . 0.50) overlapped with the 1420 lncRNAs.
PCa risk-related SNPs are enriched in lncRNA intervals
To date, 33 SNPs have been independently associated with PCa risk in populations of European descent (Table II) 
Identification of novel PCa risk-related SNPs in lncRNA genes
Meta-analyzes of 39 320 SNPs in lncRNAs from JHH and CGEMS populations showed 93 SNPs were associated with PCa risk with P value ,0.001 (supplementary Figure 3) . Of these 93 SNPs, 60 were in the four PCa-related loci that were reported previously, including 8q24 region 1 and region 3, 10q11 and 17q12 (Table II) . The remaining 33 SNPs were in 10 LD blocks. One SNP from each of the 10 LD blocks was selected for replication in an additional 1114 cases and 822 controls [Table III and supplementary Table 3 (available at Carcinogenesis Online)]. Of the 10 SNPs, 1 SNP (rs3787016 at 19q13) remained significant (P 5 0.011) with the effect in the same direction as the meta-analysis of the two GWAS studies. After pooling the three populations (Table IV) , the A allele of rs3787016 was associated with a 1.19-fold (95% confidence interval: 1.11-1.27) increased PCa risk, and a P value that reached 7.22 Â 10 À7 , which remained significant The enrichment was assessed by comparing the density of phenotype-related loci across the genome with two measures: average chromosome length required for one locus (kb/locus) and average number of SNPs containing one locus (SNPs/locus) in Caucasian population. The strength of enrichment is high when the measures are small.
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after a conservative Bonferroni correction for 39 320 tests (Bonferroni-corrected P value: 1.27 Â 10 À6 ).
Discussion
In the current study, we provided some evidence that lncRNAs, a major class of non-coding transcripts, may be important in certain disease etiology. On the basis of 1420 lncRNAs derived from the Ensembl database, we found that the regions of lncRNA had a SNPs density similar to protein-coding regions but were less polymorphic than surrounding regions; this observation is consistent with previous reports that the sequence of lncRNAs are evolutionary conserved (14, 38) . At least 52 phenotype-related SNPs are within the lncRNA genes and 67 additional loci containing a high LD SNP overlapped with intervals of lncRNAs. Our observations suggest that variation in lncRNA regions may contribute to disease etiology. Our observation that some of the phenotype-related loci identified in non-coding regions (12) actually reside within or in LD with Odds ratios (ORs) and 95% confidence interval (95% CI) were presented with pooled results of CGEMS and JHH GWAS. d The results for rs6208961 were not available and were represented by a high LD SNP rs445114 with the T allele as the risk allele. The JHH (1909 cases and 3085 controls) and CGEMS (1176 cases and 1101 controls) GWAS were pooled by meta-analysis. b The replication subjects were from an additional 1114 cases and 822 controls in JHH.
Phenotype-related loci and lncRNAs lncRNAs is biologically plausible because lncRNAs are functionally active non-coding transcripts (5, 9, 11) . For example, Chung et al. (39) recently identified a lncRNA (PCa ncRNA 1) at the PCa risk-related loci of 8q24 region 2, which was found to be overexpressed in PCa cells and prostatic intraepithelial neoplasia and shown to be involved in prostate carcinogenesis through androgen receptor activity. Our observation that PCa risk-related loci were enriched in lncRNA intervals suggest that other loci mapping to the lncRNAs may also be related to PCa. This observation prompted us to evaluate additional SNPs within lncRNAs for association with PCa risk. It is of note that the primary aim of our study was not to identify the PCa risk loci but to demonstrate the possibility that genetic variants in lncRNA intervals might be related to diseases. Our results provide a proof-of-principle for a new approach in future GWAS data-mining studies aiming to discover phenotype-related loci by concentrating on lncRNAs. This method can be regarded as a complementary approach to other proteincoding related methods such as pathway analysis (40) or gene-based analysis (41) .
Based on our analysis of SNPs in lncRNAs, we identified a new PCa risk-related locus, rs3787016, which is located in AC1127096.1, a lncRNA spanning 364 kb at 19p13. The SNP rs3787016 also localizes to an intron of POLR2E gene, which encodes a subunit of RNA polymerase II and is responsible for synthesizing messenger RNA. Two previously published genome-wide linkage studies have identified this same region as a PCa susceptibility region (42, 43) . However, to date, the causal variants and potential biological mechanism underlying these observations remains unknown. Because the lncRNA AC1127096 was predicted in silico, future studies are needed to determine the true function of this lncRNA.
Limitations of this study should be noted. Firstly, our list of lncRNAs may not be comprehensive because we were limited by those that have been identified to date and included in the Ensembl database (1420 lncRNAs). It has been estimated that .5000 lncRNAs, probably equal to or larger than the number of proteincoding genes, might exist (9) . Secondly, the catalog of lncRNAs across the genome has not been functionally characterized and thus the biological significance of lncRNAs is also largely unknown, which makes interpreting our results difficult. lncRNAs included in this study were annotated by the Ensembl lncRNA annotation pipeline, most of which have not been validated in experimental models. It is still unclear whether these SNPs reside in functional lncRNAs or if they modify the effects of the lncRNAs. Some insight may be gained by conducting genotype-lncRNA expression correlation analyzes to help establish the relationship between phenotype-related loci and lncRNAs. Findings from our study might guide future functional studies with respect to the phenotype-related loci that we localized to lncRNA regions.
In summary, our results indicate that lncRNAs are less polymorphic and may provide some functional interpretation for some of the phenotype-related loci identified by GWAS. We also identified a new PCa risk-related locus in the intervals of lncRNA, which serves as a proofof-principle for an approach that can be used for further GWAS data mining, especially for non-coding regions. However, the catalog of lncRNAs is still not well characterized by functional studies and should be the focus of future studies in order to help in the interpretation of the relationship between phenotype-related loci and lncRNAs.
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